Two and three magnetic flux ropes are created and studied in a well-diagnosed laboratory experiment. The twisted helical bundles of field lines rotate and collide with each other over time. In the two rope case, reverse current layers indicative of reconnection are observed. Using a high spatial and temporal resolution three-dimensional volume data set in both cases, quasi-separatrix layers (QSLs) are identified in the magnetic field. Originally developed in the context of solar magnetic reconnection, QSLs are thought to be preferred sites for reconnection. This is verified in these studies. In the case of three flux ropes there are multiple QSLs, which come and go in time. The divergence of the field lines within the QSLs and the field line motion is presented. In all cases, it is observed that the reconnection is patchy in space and bursty in time. Although it occurs at localized positions it is the result of the nonlocal behavior of the flux ropes.
INTRODUCTION
One glance at the X-ray and UV images of the Sun from the STEREO (Aschwanden et al. 2008) or TRACE (Golub et al. 1999) satellites is enough to convince oneself that the processes that lead to the emission are fully three dimensional (3D). The UV or X-ray light is the result of collisions of fast electrons in the solar corona with ions and neutrals. Since the electrons follow field lines, the images offer an indirect image of the magnetic field topology. Even in a single loop the field lines twist about each other. However, matters are more complicated when there are two or more loops, which seem to interact. The magnetic fields inside a loop closely resemble flux ropes (Russell et al. 1990 ). The magnetic ropes consist of field lines with pitch varying with radius across the rope, a result of currents flowing along the field. They are seldom, if ever, motionless. Aside from twisting, their motion involves expansion and translation. They can be tied to boundaries such as the highly conducting surface of the Sun or if their currents close on large and remote locations they can violently flap about. Nevertheless, flux ropes consist of low-frequency plasma currents often with a magnetized plasma background and in effect are Alfvén waves . It is a common occurrence for flux ropes to have companions. In the solar corona flux ropes frequently occur in pairs and move toward or away from one another as their footprints, which are frozen onto the solar surface, move about. Images of the Sun in which multiple rope-like structures appear are not uncommon. For example, two ribbon filaments, or flux ropes, in the solar active region were seen to approach, presumably reconnect, and then move away from each other. This was modeled in an MHD simulation (Török et al. 2011) , which showed that after reconnection the adjacent ropes switched polarity. In this case, the initialropes carried currents in opposite directions. Another fully 3D MHD simulation of two untwisted flux tubes pushed together by flows showed the current system formed was subject to the tearing mode and multiple islands and complex currents were created. This is unphysical as a laboratory experiment but forces one to consider the possibility of tearing. Along these lines a fully 3D computer simulation of a sheet of current in a magnetoplasma (Daughton et al. 2011 ; with over a trillion particles) showed that it tears into multiple flux ropes, which strongly interact. The interaction between any two, or three strongly resembles what is reported in this paper. The 3D filamentation of a current sheet was observed experimentally (Gekelman & Pfister 1988) over 20 years ago. The tearing of current sheets (Furth et al. 1963 ) was initially thought to produce a number of current filaments which, when viewed in a plane transverse to the local background magnetic field appeared as magnetic "X" and "O" points, then identified as magnetic islands. At first these tearing modes attracted interest in their applicability in the stability of tokamak fusion plasmas, but its relevance to space plasmas quickly became apparent. Hand in hand with the motion of two or more flux ropes or the breakup of a current sheet is magnetic field line reconnection. Reconnection simply stated is the forcing together of oppositely directed magnetic fields by a variety of means such as plasma flows or the temporal evolution of far-away currents. The magnetic field in two-dimensional (2D) reconnection (or a component of it in 3D) becomes zero locally and reappears as energy in waves, flows, jetting particles, or heat. Magnetic energy is thus dissipated. Magnetic field line reconnection is still considered, by some, to be one of the most important topics in plasma physics. It has been in this category for close to 30 years. Many early (Stenzel et al. 1982 (Stenzel et al. , 1983 Gekelman & Stenzel 1984) as well as recent (Egedal et al. 2007; Yamada et al. 1997) reconnection experiments forced magnetic flux to merge and form X-points or a neutral sheet. In nature reconnection can come about when fields are entrained in plasma flows, such as in the magnetotail (Henderson et al. 2006) , or when the magnetic field is locked into highly conducting boundaries, such as in solar footprints (Chen 2006) . The source of all magnetic fields in plasmas is current systems, although in laboratory experiments some of the current can be in conductors entrained in the plasma. From this perspective it is obvious that reconnection can occur in dynamic current systems. For example, reconnection has been observed in a 3D current system in the aftermath of a collision of two dense plasmas in a background magnetoplasma (Gekelman et al. 2007 ). It should be obvious that reconnection is part of the phenomenology of evolving current systems and the physics of Alfvén waves (the current systems we are discussing may be that of the waves). The language it is couched in has always limited the scope and substance of the topic of reconnection as well as the schematic-like models people use to visualize the geometry associated with it. The first theories of Parker (1957) , Sweet (1958), and Petschek (1964) , and computer simulations (Sato & Hayashi 1979 ) of reconnection were two dimensional. They addressed oppositely directed magnetic fields in a plane with no variation in the out-of-plane dimension. In this scenario, there is at least one magnetic null or line, a location at which the total magnetic field is zero. When reconnection occurs at a null field lines join, reconnect, and move away. Sweet-Parker (SP) type models became a standard of comparison and whenever the reconnection rate could be estimated it was compared to the SP rate. When experiments were limited and computer technology prohibited anything else, it made sense to study 2D current sheets and gain a foothold on the problem. This is not the case anymore. In three dimensions and in most cases in nature there is an out-of-plane magnetic field. The reconnection is bursty in time and patchy in space. It can slowly percolate and then become explosive. It is no longer easy to identify where the reconnection occurred or if local changes in the plasma parameters are a consequence of reconnection or another process. The currents that produce the magnetic fields have their own equilibrium or lack thereof and reconnection events can feedback on the system by modifying these currents. It is a nonlocal problem because the magnetic field at a point in space, is produced in part, by distant currents. The boundaries for these current systems and how they close are all important.
In this paper, we present laboratory experiments involving two and three magnetic flux ropes. The experiments are three dimensional and reproducible, which allowed for complete spatial and temporal measurements of the fields. The solar community has developed the concept of a quasi-separatrix layer (QSL; Priest & Démoulin 1995) to deal with null-less reconnection and will be used in the interpretation of the results. The concept is that two field lines, which are initially close to one another, will diverge rapidly after having traversed a reconnection region. QSLs have been extremely useful in identifying reconnection in 3D magnetic reconnection in theoretical configuration , and in observations of solar flares , where the calculated intersection of the QSL with the photosphere matched the location at which X-ray brightening was observed. We create two initially parallel magnetic flux ropes with a small perpendicular separation in a background magnetoplasma using high-emissivity current sources. The QSL was measured for the first time (Lawrence & Gekelman 2009 ) and the flux ropes are found to collide with each other and undergo reconnection. A three flux rope system is topologically different from one with two therefore this system is created and studied as well (Van Compernolle & Gekelman 2012) . In this paper, we report detailed evaluation of the three flux rope QSL, another first. We find that the structure of the QSLs in the two-rope system is similar to those seen in analytic models and simulations.
EXPERIMENTAL SETUP
The flux rope experiments were done in the Large Plasma Device at UCLA (LAPD). The LAPD is shown in Figure 1 .
The plasma is produced by a DC discharge between a barium oxide coated cathode (Leneman et al. 2006 ) and mesh anode. The background plasma is pulsed at 1 Hz with typical plasma duration of 15 ms. The machine can run continuously for approximately four months before the cathode has to be cleaned and recoated.
As the plasma is highly reproducible experiments can be repeated millions of times as probes slowly moved throughout the volume of the device and collect data. A schematic of the device is shown in Figure 2 (a). In a flux rope experiment the DC discharge is initiated and after a few milliseconds a quiescent background plasma is formed. A second, highemissivity Lanthanum Hexaboride cathode (Van Compernolle et al. 2011) (LaB 6 ) is inserted in the machine. The flux rope cathode is masked with a carbon sheet so it can only emit from the unmasked areas. A cathode capable of making two or three ropes is inserted in the LAPD plasma as shown in Figure 2 (b).
TWO FLUX ROPES
In the two flux rope experiment, the source of the ropes is located at z = 0 cm (facing and 1400 cm away from the main cathode). The upper and lower cathodes are positioned in this axial plane at (x, y) coordinates (0.0, 8.0) cm and (0.0, 4.3) cm, respectively. A 16.5 cm circular molybdenum mesh anode is installed at z = 900 cm. The cathodes are biased at 100 V with respect to this anode via a transistor-switched capacitor bank. Each cathode emits 30 A.
The LaB 6 cathodes are pulsed for 2 ms during the active phase of the 14 ms background plasma discharge. (n ∼ 2 × 10 12 cm −3 , T e = 5 eV, B = 270 G). For these experiments in the background plasma δ = (c/ω pe ) = 3.7 mm, R ci = 1 cm, Δ = (c/ω pi ) = 32 cm, r ce = 200μ. The density and temperature inside the ropes vary by a factor of two or so, therefore these quantities vary somewhat in the ropes. A typical discharge current trace for the LaB 6 cathodes is shown in Figure 3 (a). A coherent oscillation develops after about 0.2 ms which has been observed before in other laboratory experiments Bergerson et al. 2006; Ryutov et al. 2006) . The round-trip Alfvén transit time, τ A , is 0.1 ms inside the current channels. The experimental timing is shown in Figure 3 .
To diagnose the plasma, three-axis magnetic probes (sensitive to d B/dt) are installed at various axial locations. Each probe is movable in the transverse plane by computer-controlled stepper motors. The plasma is highly reproducible, so a data set can be constructed with an ensemble of many shots (sampled at 25 MHz). Two such time series are shown in Figures 3(b) (near the cathodes) and (c) (near the anode). The period of these oscillations is 0.190 ms and is constant across the column, but the amplitude is much stronger at the far end of the column. The oscillations shown in Figure 3 are not phase-locked shot-to-shot and an averaging technique is necessary to account for this.
Two Flux Rope Morphology
We first examine the spatial structure of the magnetic flux ropes at t = 0.270 ms (2.7τ A , where τ A is the Alfvén transit time). This is relatively early in the discharge and is before the oscillations seen in Figure 3 have fully developed. From the Figure 1 . LAPD device. The LAPD plasma column is 60 cm in diameter and 18 m long. The axial magnetic field is produced by 90 solenoidal magnets and may be varied over the range 300 G B e 2.5 kG. Ten power supplies generate current for the magnets therefore the axial magnetic field profile is variable. Possible magnetic field geometries are uniform, linearly increasing in z, mirror fields, multiple mirrors, and cusps. Shown are probes, which can be inserted into any of the 450 ports while the machine is running. Several computer controlled probe drives are also visible.
(a) (b) Figure 2 . (a) Schematic of the experimental setup. The background plasma is formed when electrons emitted from a large cathode on the right are collected on an anode 55 cm away. The plasma is 17 m long and 60 cm in diameter. Solenoidal coils (not shown) produce an axial magnetic field B 0z . Two or three LaB 6 cathodes are placed on the other side of the machine to make the flux ropes. (b) The LaB 6 cathode is masked by carbon with three holes machined in it. In this case each hole is 2.5 cm in diameter. The LaB 6 must be heated to 1850 • C to emit, therefore there are heat shields of carbon, tantalum, and molybdenum in back and on the sides. The anode is placed at the end of the LAPD opposite the LaB 6 cathode. The heater consists of a carbon resistor mounted in the rear. It is configured to produce three flux ropes. Two ropes or current sheets can be produced with different carbon masks. The distance D is 9.0 m in the two flux rope experiment and 10.86 m in the three rope experiment.
3D magnetic field data set, we can compute the field lines to gain more insight into the magnetic structure. In Figure 4 (a), we have drawn two sets of representative field lines; one for each cathode. The field lines are seeded at a radial distance of 0.5 cm from the center of each flux rope at z = 64 cm. We can identify the two types of twisting of the field lines. One is the "writhe," which is the kinking up of the entire flux rope. The other is the "twist," which is the curling of a field line about the axis of the flux rope. Inspection of the field lines shows that writhe is approximately 180
• , and the twist is 180
• -270
• . We can check this value against what we expect from the measured magnetic field. The perpendicular magnetic field in the upper rope peaks at r = 1.9 cm and B ⊥ (1.9 cm) = 5.2 G. The total number of turns (twist and writhe) the field line will go through is turns = LB θ /2πrB z . For our values, we find that the field line should go through 1.4 turns. This is consistent with the twist and writhe found above. We can also compute the current density using Ampére's law, J = (c/4π )∇ × B. Cuts of the parallel current density, J z are shown in Figure 4 (b). Near the cathodes at z = 64 cm, we can see two well-defined current channels. As they progress toward the anode, the currents writhe about each other and move closer together in the perpendicular direction. Furthermore, the profile of each current channel becomes elongated. At z = 830 cm, the two current channels are nearly indistinguishable and form a single-merged configuration. Note that for our experimental setup, J z B 0z < 0 for the flux ropes.
Flux Rope Dynamics
One method of visualizing the time dependence of the flux rope configuration is to track magnetic field lines. As a first cut, we calculate the field lines that start from the center of each of the current channels in the z = 64 cm plane and track their motion in time. The results are generally the same for field lines 0.4 cm in any direction from the center, so we consider this field line to be representative of the zeroth-order motion of the whole rope.
Hodograms of the two central field lines at early times in the discharge are shown in the line plots of Figure 5 (a). The curves begin at t = 0.200 ms (indicated by an arrow) and continue for 0.190 ms (f = 5.3 kHz). We can see that the flux ropes make fairly regular rotations. The area swept out by the flux rope increases at z positions closer to the mesh anode. The edge of the anode (diameter is 16.5 cm) extends well beyond the area of rotation. In the 3D plot, we show the surface swept out by each field line. The field lines are not line-tied at the anode end of the volume. That is, they are not constrained to terminate at a fixed location. In previous experiments (Van Sun et al. 2008) , these boundary conditions have been observed. The sheath resistance of the anode is likely responsible for breaking line tying, as well as the fact that it is a semitransparent mesh and therefore not a perfect conducting wall. At later times, the field line motion is still periodic, but becomes irregular, as shown in Figure 5 (b). In the middle of the flux rope, the area swept by the field line has become elongated to the point of being nearly linear. At the far end, the area swept is much smaller than in early times, and the path is much more erratic.
To try to understand this motion, we plot the separation Δs between the two field lines as a function of time and z position in Figure 6 . The dashed line shows the separation at z = 507 cm. It does not change appreciably with time, but this is not too surprising given the small displacements made by the central field lines in this plane. The solid colored lines show the separation of the flux ropes in increasingly farther planes. In these planes, there are two times where Δs decreases rapidly, indicating that the two flux ropes are colliding. The dot and square correspond to the same symbols on the hodogram in Figure 5 . The first collision appears to start in the z = 830 cm plane, and then propagate back down the field lines, while the propagation direction is reversed for the second.
We can try to understand these collisions by looking at how the cross sections of the flux ropes behave in time. In Figure 7 , we show the cross sections at four times during the first collision. The cross section is computed by seeding field lines on a circle in the z = 64 cm plane and computing their endpoints in the z = 830 cm plane. The radius of the circle is 0.5 cm, which is approximately at the half-maximum of the current profile. The t = 1.630 ms panel shows the pre-collision state of the flux ropes. At t = 1.650 ms, a 2 cm finger has stretched out from the bottom flux rope, but its center has not yet moved appreciably. At t = 1.670 ms, the main body of the flux rope has begun to catch up with the finger. Finally, at t = 1.690 ms, we can see that the centers of both flux ropes are substantially closer than in their original positions. So, while the Δs plot shows the zerothorder motion, it is apparent that the flux ropes do not move as rigid bodies, but can instead stretch out and locally collide.
When flux ropes with the same magnetic field handedness collide, the perpendicular components of the magnetic field at the point of collision will be antiparallel. This can create 2D field nulls at which magnetic reconnection can occur. We see evidence for reconnection in the form of current layers shown in Figure 8 . At the anode end of the flux ropes, we see current layers (shown in bright yellow) directed opposite to the injected current as would be expected during reconnection. At the cathode end of the flux ropes, the current profile has not changed appreciably. These current layers are not present at early time in the discharge when the flux ropes do not seem to be interacting (see Figure 4(b) ).
Quasi-separatrix Layers
In three dimensions, reconnection can occur even in the absence of a true magnetic null ; The ropes originate at the Lab 6 cathode at z = 0. Schindler et al. 1988) . One can identify regions in the magnetic field configuration known as QSLs (Priest & Démoulin 1995) , where the spatial field line connectivity is changing dramatically yet continuously. To quantitatively define field line connectivity, consider two boundary surfaces that intersect a set of field lines. For example, one might consider the photospheric endpoints on either end of a coronal loop. For relevance to this experiment, take two transverse planes at z = z 0 and z = z 1 . Let each field line that intersects the z = z 0 plane at coordinates (x, y) have corresponding points (X(x, y), Y(x, y)), where it intersects the z = z 1 plane. One measure of field connectivity is then the squashing degree (Titov et al. 2002) 
.
(
The numerator of this expression indicates by how much the endpoints in the z 1 plane change relative to small movements in the z 0 plane. The denominator is a factor that scales away changes in connectivity simply due to magnetic mirroring. It also ensures that the value of Q is invariant under reversal of the boundary planes, so in effect we can assign a value of Q to each field line. Then, regions in the magnetic field where Q 2 (its minimum possible value) define QSLs. For the calculations presented here, we take the planes at the two ends of the measurement volume as our boundaries: z = 64 cm and z = 830 cm. The general differential equation for a field line is
where r(s) = (x(s), y(s), z(s)) is the vector pointing to points along the field line parameterized by s. Because of the strong guide field, we can re-parameterize the field lines by z-coordinates. The set of equations is reduced by one and
For each timestep, we seed field lines on a grid of points on the z = 64 cm plane, and using a Runge-Kutta differential equation solver, we calculate their end points in the z = 830 cm plane. The squashing degree is then computed by numerically differentiating the end points. Because of the strong guide field, the ratio of B z at each plane is nearly unity and is therefore neglected.
In order to accurately compute field lines, the magnetic field data set must be divergenceless to a high degree of precision and preferably described analytically by a set of splines. Nonzero divergence can be introduced from measurement errors such as small misalignment of the probe head or even by interpolation between grid points. We follow the procedure described in detail by Mackey et al. (2006) to "divergence clean" the data set. Briefly, B is integrated in Fourier space to find the magnetic vector potential A, which is then fitted with tricubic splines. The splines are then differentiated analytically to get the divergenceless magnetic field. This allows us to compute field lines to high degree of precision.
The gradients of the endpoint functions are particularly sharp, so to resolve them we use a numerical grid much finer than the measurement grid. To quantify how well resolved the distribution is, one metric is
This matrix can be thought of as the Jacobian matrix of the mapping along field lines from one boundary to another. The value of the determinant tells us by how much the area of an infinitesimal surface shrinks or expands under this mapping. From flux conservation, the determinant must equal (B z (z 0 )/B z (z 1 )). Since this is nearly unity for our configuration, we can use this as a check for the resolution. Even a small error in resolution will lead to a fairly large determinant since it is a difference of two large numbers, so it is a particularly sensitive metric. From this test, we find that to see the overall structure of the Q distribution (peaks up to Q ∼ 1000 are completely resolved), we need 15 points per measurement point, but if we want to completely resolve specific peaks, as many as 300 points may be necessary. Typically the peak value of Q is not as interesting as the peak width, so to save computational time we do not often make such detailed calculations.
It is fair to ask if it is meaningful to speak of a QSL whose width is much narrower than the measurement grid. The answer to this lies in the fact that Q does not depend on local magnetic field gradients, but instead on the global structure of the magnetic field. As long as the magnetic field is sufficiently resolved to allow field lines to be calculated accurately, local gradients will not have a significant effect on Q. In the appendices of two papers, Démoulin et al. considered this problem in detail from an analytical standpoint and through numerical experiment (Démoulin et al. 1997 ). In our own error analysis, we did not see significant changes in the basic structure of the Q distribution when we simulated two sources of error: adding random spatial noise to the B measurements, and randomly misaligning each plane by one grid spacing in the perpendicular direction. However, some tests with a spatial low-pass filter of the magnetic field did reduce some of the finer structure in the Q distribution. Nonetheless, we present results using the unfiltered data set because we will be drawing most of our conclusions from the coarse structure, and because it may be of interest for future researchers to try to determine if the fine structure is due to a physical effect.
To get a sense of what the Q distribution looks like in our experiment, we show it in the z = 64 cm plane at t = 1.688 ms in Figure 9 . This is during the point of closest approach in the first collision shown in Figure 6 . At this time we find the QSL to be the most pronounced in magnitude of Q and in width. Two isocontours of parallel current density are overplotted in white to show the approximate locations of the two flux ropes in this plane. The primary structure is an S-shaped QSL that wraps around each flux rope. A cut across this QSL is shown in the lineplot below the QSL distribution. The width of the QSL at Q = 200 is 0.054 cm, and splits off into two peaks with bases at Q ∼ 2000. Such QSL splitting has been observed previously (Titov et al. 2008 ) but as discussed earlier it is difficult to say if we are truly resolving the QSL peaks.
In a previous work (Milano et al. 1999 ), a resistive MHD simulation was performed of two merging flux ropes, and the Q distribution was calculated from the results. We see good qualitative agreement in the shape and location of the QSL.
The 3D structure of the QSLs can be visualized by seeding field lines along a contour of a particular value of Q, and drawing the flux tube bounded by the field lines on the QSL. In Figure 10(a) , the blue semitransparent layer is the Q = 200 surface. The red and yellow field lines are representative field lines of the flux ropes. We can see that the QSL threads in between the two flux ropes, which is consistent with the idea that reconnection is occurring between them. The midsection of the layer has a smaller aspect ratio than its wide edges. The data resolve the electron skin depth and ion gyroradius. The electron gyroradius is far too small; we need probes less than 100-200 μm in size. For reference, the Debye length is less than 10 μm.
To examine the field line structure for the QSL, in Figure 10 (b) we plot field lines on the Q = 2000 surface inside the Q = 200 surface shown in the last figure. (The Q = 200 surface has similar structure, but it is complicated by the higher Q peaks inside it.) Pairs of field lines are seeded at z = 64 on either side of the QSL. The red set of field lines turn to one side of the QSL and collect in one corner at the far end of the QSL. The yellow field lines follow a similar but oppositely directed path.
The initial separation of the field lines is ∼0.01 cm and is 1 cm at the far end. In previous analytical models (Sato & Hayashi 1979) and simulations ) of interacting coronal loops, a similar structure described as a hyperbolic flux tube (HFT) has been observed. When HFTs become twisted, strong current layers have been shown to develop. Comparison of our structure with these results shows that our QSL has the structure of an HFT that has been twisted by 180
• . While the source of twist is from field line bending rather than boundary flows, the structure is the same. This shows that the HFT has some relevance beyond its original application. It is expected that during reconnection, field lines will rapidly move across the QSL in a process known as magnetic flipping (Priest & Forbes 1992) . To test this, we can calculate the velocity of the field line endpoints in a boundary plane. We assume line-tying at the z = 64 cm plane. At a timestep t i , a grid of points in the z = 830 cm plane is mapped back to the z = 64 cm plane. We then map these points back to the z = 830 cm plane at t (i−1) and t (i+1) . Taking the time derivative of the endpoints in the z = 830 cm plane gives us the (perpendicular) velocity of the field line endpoint in this plane. We show the spatial velocity distribution at one timestep (Figure 11(a) ). Blue arrows show the direction of the field line velocity at representative locations. The magnetic field is frozen into a fluid only in the limit σ → ∞. The resistivity of the background plasma is determined by Coulomb collisions. The mean free path for a background electron under these conditions is 10 cm and therefore comparing field lines at two times is an approximation. In Figure 11 (b), we show the Q distribution mapped into the z = 830 cm plane. This can be thought of as a 2D cut of Figure 10 if we had drawn all the Q surfaces.
The two distributions have a remarkably similar structure. We find that the fastest moving field lines are situated along the QSLs. The motion of the field lines is such that they are flipping along the long dimension of the QSL. We note that the field line velocity in these plots is on the order of 2-8 × 10 5 cm s −1 , and that the perpendicular QSL size is about 1.5 cm, so the field line endpoints in this plane change on a timescale of 3 μs. This is much faster than the 100 μs Alfvén transit time along a field line. In MHD simulations of two interacting coronal loops, Aulanier et al. (2006) find that field lines slip across the QSLs at velocities on the order of the Alfvén speeds. They categorize reconnection that occurs at these speeds as "slip-running reconnection." This is in contrast to slow magnetic field diffusion and fast abrupt reconnection across a true separatrix. They conjecture that such slipping is responsible for hard X-ray sources that move along chromospheric ribbons during a solar flare. We have observed similar field line motion, but no heating of the bulk plasma. However, the injected power density is 10-20 times larger than the Ohmic heating rate from expected from the current layers, so we may simply not be able to resolve it. Nonetheless, further comparisons to this model may be a possible avenue of further research. We have to date no detailed measurement of plasma flow but theory and simulations indicate that in 3D reconnection flows are required. In a case simpler than this one, studied by Linton & Priest, the flux tubes were initially untwisted but strong flows (a significant fraction of the Alfvén speed) were generated. Reconnection gives rise to flux tubes that become twisted and are pulled toward each other. In the simple 2D picture, oppositely directed field lines are entrained in a flow toward an X point or neutral line and particles jet are outward boosted by the energy released from the magnetic field, which is destroyed. In the realistic 3D case the flows will be far more complex. In these experiments, the flux tubes flattened out and current sheets were formed (see Figure 8 ). These narrow sheets were subject to the tearing instability. Counter rotating flows above and below a finite reconnection region were observed in another simulation study by Horning & Priest (2003) . Reconnection occurs somewhere within the QSL and one expects to find oppositely directed flows on either side of this. There is a hint of this in Figure 12 if one accepts that the field line motion can be associated with a flow. The only way to resolve this is to directly measure the flow field and it will be done sometime in the future. 
THREE FLUX ROPES
With the addition of a third rope, the complexity increases by more than half. All three ropes twist about themselves but can writhe about either or both of their partners. The distance between the ropes will vary such that two or three ropes can participate in a collision. This being the case, the possibility of having multiple QSLs exists and is indeed the case here. Each rope has temperature and density gradients associated with it. The morphology and dynamics of the three flux ropes are the subject of another paper (Van Compernolle & Gekelman) . The flux ropes are produced using the masked LaB 6 cathode as shown in Figure 2 . The cathode and a large anode were 10.86 m apart. Again the electron current is anchored at its origin, the cathode, but could end up anywhere on the 28 × 28 cm mesh anode. The discharge conditions were V D = −120 V, I D = 90 A (total) in a background He plasma (n = 2 × 10 12 cm −3 , T e ; 5e.V ., T I , 1e.V ., B 0z = 330G). Data were recorded on 16 planes perpendicular to the background magnetic field on a total of 32,400 spatial locations. The threeaxis magnetic probe has a spatial resolution of 3 mm in the x-y plane limited by its physical size therefore it averages over 3 mm. The stepping motor drive is accurate to 0.3 mm. For reference the ion gyroradius is 8.8 mm and the electron skin depth is 4 mm, therefore structures of these sizes are resolvable. The magnetic field at a given location has a signature similar to that of Figure 3 . The oscillations have the same period for each experimental instance but the time the first oscillation occurs with respect to the start of the rope current varies as shown in Figure 12 . A fast (τ response = 10ns) diode is mounted on a window and collects light integrated across the plasma column diameter. The light from the photodiode is used as a reference. The signal from the second shot is shifted so that the oscillations overlap. The same temporal (phase) shift is then applied to all components of the magnetic field. The conditional averaging is done for a series of ten shots (experiments) at each location in the experimental volume sampled. All the data presented and quantities derived from it such as flux tubes is done using the ten shot, conditionally averaged signal. Note from the lower panel in Figure 12 that B x is not identical shot to shot. There are fine scale differences, which reflect turbulent processes in the experiment. The same technique was used in the two rope experiment. The details of turbulence associated with these experiments can be ferreted out using correlation techniques involving stationary and moving probes and recording ensembles of data an order of magnitude large than what was done here. An alternative would be the use of tens of thousands of microscopic sensors (Chiang et al. 2011 ) too small to affect the plasma. At this time, such a project would be prohibitively expensive. When it does become possible, the very foundation of statistical mechanics could be tested. Figure 13 (a) shows a false color photograph taken with a fast framing camera (2 × 10 5 frames s −1 , t exp = 5 μs). The brightest light is from the hot electron emitters on the left. Light from the cathodes and flux ropes struck a mirror placed inside the vacuum system to give an off axis, axial view. The ropes are illuminated by energetic electrons within them, which strike He atoms in their path and excite them. Just as in photographs of the Sun, one assumes that the magnetized electrons (r ce 200 μm) follow the field lines of the ropes. Figure 13(b) shows magnetic field lines of the ropes at an instant of time (t digitiz = 0.64 μs) at roughly the same angle of view as the camera. There is, of course, far more detail in the measurement; the twist and writhe of the flux ropes are obvious.
The magnetic field data are divergence cleaned as described previously and the currents again derived from it. Figure 14 shows a snapshot of both the magnetic field lines and the current density field lines. The magnetic field lines, colored in blue, red, and green, are started at δz = 64 cm on a circle of 1 cm radius around the center of each of the flux ropes. The Figure 15 . Snapshots of the parallel current density profiles at different times and at different axial distances from the emitting cathode. From left to right: each frame is 38 μs advanced in time. From top to bottom: δz = 64 cm, δz = 383 cm, and δz = 831 cm. Close to the cathode the individuals flux ropes are separated, and line tied to the cathode. Far away the ropes merge, and one extended flux rope forms. In time, the flux ropes rotate around the guide field with increasing radius as they get further from the emitting cathode. The guide field points out of the plane. (A color version of this figure is available in the online journal.) background magnetic field points into the page. The twist of the field line measures about 270
• , and the writhe is about 180
• . The twist and writhe of the magnetic field lines of the flux ropes is left handed, consistent with J · B < 0. The z-axis in the picture is compressed by a factor of 10 in order to clearly show the twisting of the ropes. The perpendicular field due to the flux ropes is on the order of 10 G, a few percent of the guide field. The current field lines are shown as thin orange tubes. Current field lines are started at δz = 64 cm on a circle of 1 cm radius around the center of the flux ropes. The current field lines have a much stronger twist, by nearly a factor of 10. The perpendicular current density is on the order of 1 A cm −2 whereas the parallel current density peaks at 10 A cm −2 . The perpendicular component to parallel component ratio is therefore much larger for the current density than for the magnetic field. The strong perpendicular current is due to diamagnetic currents, which arise from the increased plasma pressure inside each of the flux ropes. Electron density and temperature measurements showed that both the density and temperature increased by a factor of two in each of the flux ropes. Diamagnetic currents associated with such pressure gradients are calculated to be on the order of 1 A cm −2 , consistent with the perpendicular current derived from the magnetic field measurements. The twist of the current field lines is right handed, opposite to the twist of the magnetic field lines. Both the current density and the magnetic field have their perpendicular component pointing in the ion diamagnetic direction. The parallel components are opposite, however, J z · B z < 0, resulting in the opposite twist of the field lines. In an earlier experiment, the system was observed to approach a force-free state in space and time. We do observe that J perp ∼ 0.2 J parallel , which obviously differs from the assumed force-free models of the corona. Nonetheless, the qualitative features of the QSLs do not seem to be affected by this difference, which strengthens the argument that they are a generic feature, and not limited to force-free models. Of course, a detailed study of how relaxation affects the QSLs could be an interesting avenue of future research.
Three Flux Rope Dynamics
The main dynamics of the three flux ropes can be captured by a series of snapshots of the parallel current density as displayed in Figure 15 . From top to bottom, the distance of the data plane to the emitting cathode increases, i.e., δz = 64 cm, δz = 383 cm, and δz = 831 cm. The guide magnetic field comes out of the plane. Close to the cathode the individual flux ropes can easily be identified. The flux ropes are line tied to the emitting cathode, and their center-to-center spacing is still about 3.81 cm, which is set by the center-to-center spacing of the holes in the carbon mask in front of the cathode. Farther away, at δz = 383 cm, the flux ropes have approached one another and are starting to merge. Individual ropes can still be made out. The ropes have rotated by about 90
• compared to the data at δz = 64 cm. This writhe is clockwise in the picture, corresponding to a lefthanded writhe. Far away, at δz = 831 cm, the three flux ropes have merged and reconnected. A single extended flux rope is observed.
In Figure 15 , time advances from left to right by δt = 46 μs. At the far away data plane, δz = 831 cm, it is obvious that the merged flux ropes are rotating about the guide field with a rotation radius on the order of 5 cm. The rotation is counter-clockwise or right-handed, i.e., rotation in the electron diamagnetic direction. At δz = 64 cm, the rotation is apparent in the strength of the parallel current density in the flux ropes. At a fixed time, one of the ropes has the strongest current density. The next flux rope to have the strongest current associated with it is the adjacent one in the counterclockwise direction. The rate at which the strength of the current channel cycles is the same as the rate of rotation of the flux ropes. At intermediate distance from the cathode, δz = 383 cm, the rotation of the three flux ropes as a whole can be made out. At the same time, flux ropes can be seen to approach each other and later on distance from one another. At one instant one set of two flux ropes will be closest to each other, while at another instant a set of two other flux ropes is closest. Because of this complex dynamics, the QSL associated with the flux ropes will appear between different pairs of flux ropes at different times. Figure 16 shows the rotation of the flux ropes in more detail. Magnetic field lines were started at the center of each flux rope at δz = 64 cm. In one rotation period, each field line traces out a surface. These surfaces are depicted as blue, red, and green transparent surfaces. The emitting cathode is on the far side of the figure. The insets show two slices of the hodograms. The colors indicate the time evolution. The ropes rotate in the counterclockwise direction, i.e., right-handed rotation in the electron diamagnetic direction. Close to the cathode the rotation of the flux ropes is very minimal, since the flux ropes are line-tied to the cathode. The hodograms of the three flux ropes are spatially separated there. Far away from the cathode, the hodograms overlap once the rotation radius becomes larger than the rope-to-rope distance. Figure 17 shows the center-to-center distance between two of the flux ropes versus time. Again, field lines were started at δz = 64 cm at the center of each flux rope and followed throughout space and time. From this the inter-rope spacing was computed. Figure 17 shows the rope separation at four axial locations. Close to the cathode, the ropes are line-tied and the rope separation is basically given by the separation of the holes in the carbon mask in front of the cathode (δz = 3.81 cm). Farther away the ropes can be seen to approach each other and then separate again. At large axial distances from the cathode the rope centers approach to within 1 cm. Note however that although we can trace the field line and obtain inter-rope separation measurements, the flux ropes themselves have in fact merged to one extended flux rope, as was apparent from the bottom panels of Figure 15 .
Three Flux Rope QSL
The QSL can be calculated as described for the two flux ropes. Starting from the divergence cleaned magnetic field data, the slip squash factor Q is calculated. Field lines are then seeded on contours of constant Q, and the surfaces that those field lines define are the quasi-separatrix layers. A snapshot of the magnetic field lines and quasi-separatrix layer at t = 4 ms is shown in Figure 18 . This is the time at which the distance between the red and green flux ropes is minimized, as shown in Figure 17 . The close proximity of the two flux ropes enhances the possibility of magnetic reconnection and results in a quasiseparatrix layer popping up in between the two ropes.
Another snapshot of the QSLs and magnetic field lines at a later time is shown in Figure 19 . At this instant in time, there are two QSLs, shown as transparent light blue and pink surfaces. The light blue QSL exists between the red and green flux ropes; the pink QSL exists between the red and blue flux ropes. The fact that multiple QSLs can be observed at the same time is one of the main differences between the three and two flux rope experiments. QSLs can be found between any pair of flux ropes. In the experiments there are times when only one QSL is present, as in Figure 18 . At other times two or more QSLs (Figures 19 and 20) are present. It is interesting to note however that the peak slip squash factor Q in the three flux rope experiment was on the order of 50. This is far less than Q ∼ 1000 which was observed in the two flux rope experiment. Return currents as displayed in Figure 8 were not observed for the three flux rope case. The reason for this fundamental difference is not understood. Both the two flux rope and three flux rope experiments had a similar guide field, similar current densities in the flux ropes, and similar distance between ropes. In the two flux rope experiment evidence of reconnection in the form of return currents and high Q values were found, whereas in the three flux ropes case no clear evidence of reconnection was found unless one closely inspects the perpendicular (B x -B y ) magnetic field lines.
The appearance of the QSLs is a dynamic situation. When the ropes are not moving toward one another and there is no reconnection there are no QSLs and at other times there are one or more. This situation is illustrated in Figure 20 which is a red/ blue anaglyph which appears three dimensional when viewed with glasses which can be purchased at a great number of stores as 3D has become popular once again. The field line structure within the QSLs of the figures, such as Figures 18 and 19 , is displayed in Figure 20 .
The field line structure within the QSLs of Figure 19 is displayed in Figure 21 . Red and yellow field lines were started on either side of the QSLs. They are evenly spaced at the right edge of the QSL, but end up at opposite sides of the QSL at the left of the picture. Pairs of yellow and red field lines starting out close together at the right end up separated on the left edge. This result is qualitatively identical to Figure 10(b) for the two flux rope experiment and is reminiscent of hyperbolic fluxtubes.
The 3D field line structure is so complex that reconnection sites are not easily identifiable, although the existence of a QSL indicates they are there. By tedious inspection of axial locations one can find reconnection events in the transverse plane by studying the morphology of field lines as a function of time. This is shown in Figure 22 , where lines of B x -B y are drawn for four different timesteps, δt = 0.64 μs apart. The field lines approach each other, reconnect at t = t 0 + 44.80 μs and then move apart. In three dimensions the large component of B z obscures this. Since the flux tubes move about in 3D, any two of them could cause a reconnection site at any position in the volume and at any given time reconnection could be happening at several locations.
SUMMARY AND CONCLUSIONS
In nature, reconnection is fully three dimensional except for several isolated cases (for example in Earth's tail and in the absence of a guide field). In the solar corona the fundamental building block of reconnection is a flux rope. Solar physicists have been observing them and the huge attendant energy releases for decades and the observations became more interesting after satellites that could photograph it in XUV or X-rays were launched. Early laboratory experiments focused on simple 2D structures to mimic Harris current sheets and for too long remained in flatland. Solar physicists and 3D simulations had to deal with 3D structures from the beginning and came up with valuable concepts such as QSLs. In the past decade experiments that had truly 3D geometries and diagnostics to measure plasma parameters in space and time have come online. A QSL driven by colliding flux ropes was observed in a laboratory experiment in 2009 (Lawrence & Gekelman 2009) . Here, we demonstrate that the QSL occurs only when there is reconnection and field lines within it rapidly diverge. The spatial divergence is greater for larger values of the QSL. When more than one flux rope is present there are multiple QSLs. Computer simulations (Daughton et al. 2011 ) have shown that a narrow current sheet will tear into multiple flux ropes. If the currents are large enough within them, these ropes will be kink unstable and will thrash about smashing into each other and triggering reconnection at multiple locations. Tearing of a current sheet has been seen before (Démoulin et al. 1997 ) but reconnection within it was not studied in detail.
The first questions that come up in discussion of experiments or simulations is "What is the Reconnection rate (is it Sweet-Parker or Petcheck)?" In 3D, reconnection comparisons with these theories, which are two dimensional, are not appropriate, and there is no reason to cling to them. The reconnection rate is the induced electric field generated by flux annihilation. One can have reconnection in vacuum where there is an induced electric field as well. Field lines can reconnect at an "X" point but this is uninteresting, as by definition it cannot lead to particle energization or waves. In a plasma, the total electric field (the reconnection process can change space charge fields) can accelerate particles, cause drifts, and heating of one species or both. It is these processes that are of import and a key quantity is the plasma resistivity. If we neglect inertial currents then the time-independent Ohms law may be written as
Here it is assumed that the resistivity is a scalar and in this experiment this is probably not the case. To correctly determine the resistivity one must measure all the other terms in this equation. It is possible to measure the plasma flow v with a Mach probe although the larger the angle of the flow with respect to the background magnetic field the larger the error. One can measure ion motion (which is close to bulk motion) using laser-induced fluorescence (LIF) but doing this within a volume and as a function of time is not possible, even with the best available technology. The electron temperature, T e , may be determined with a swept Langmuir probe and T I with LIF but measuring these throughout a volume is an enormous endeavor (it could take many weeks of experimental time). A detailed measurement (without LIF and assuming cold ions) was done in a reconnection experiment, with a much simpler geometry years ago (Stenzel et al. 1982) and the measurement took months to complete. One can make a rough estimate of the terms in Equation (4) as was done by Intrator et al. (2009) but in this work we seek highly detailed measurements, not an estimate. This is especially true for the electric field. It has been argued that only the induced electric field matters, but the charged particles react to the total field, which is E = −∇Φ−∂ A/∂t. In an early reconnection experiment (Gekelman et al. 1993) , it was discovered that both of the potential gradient and the induced fields exist and have opposite signs thereby greatly reducing the actual electric field in the plasma. In some cases (Tharp et al. 2010 ) the resistivity is assumed to be Spitzer, which is then derived from a measurement of the electron temperature. There is no a priori reason that this is the case in a plasma undergoing reconnection in which localized currents exist. We have examined the induced electric field in a reconnection event during an experiment on colliding laserproduced plasmas ). The field is largest where reconnection occurs but we never estimated the resistivity as we did not measure the terms in Ohm's law. (We did use the temporal change in the helicity to make an estimate of the global resistivity). It is possible to measure the resistivity using emissive probes (which measure the plasma potential) in combination with magnetic probes which can be used to evaluate the inductive fields, and we are hoping to do it in a future experiment. When the plasma resistivity is presented the reader must be critical of its origin.
Our next experiment will involve a long (many ion gyroradii) current sheet, which is initially uniform but subject to break up into flux ropes. Finally, one should consider dynamic flux ropes as a form of Alfvén wave . All low-frequency (f < f ci ) currents in plasmas are essentially shear waves and flux ropes are a form of them. Shear waves, for example, have a parallel electric field that can interact with particles with the same phase velocity of the wave. The waves can be Landau damped, which implies the same can happen to flux ropes. As it stands, QSLs, when they can be identified, indicate that reconnection is occurring somewhere within them. In the future, theories could possibly link quantities such as Q or its area to the reconnection rate or other important quantity. 
